Oxytocin (OXT)-mediated behavioral responses to social and stressful cues have extensively been studied in male rodents. Here, we investigated the capacity of brain OXT receptor (OXTR) signaling in the lateral septum (LS) to prevent social fear expression in female mice using the social-fear-conditioning paradigm. Utilizing the activated OXT system during lactation, we show that lactating mice did not express fear 24 hr after social fear conditioning. Supporting the role of OXTR signaling in the LS in attenuation of social fear, synthetic OXT infusion or overexpression of OXTR in the LS diminished social fear expression, whereas constitutive OXTR knockout severely impaired social fear extinction in virgin mice. Subsequently, both pharmacological blockade of local OXTRs in the LS and chemogenetic silencing of supraoptic nucleus OXTergic afferents to the LS increased social fear expression in lactating mice. Hence, LS-projecting OXT neurons suppress social fear in female mice.
INTRODUCTION
Social interactions form a vital part of the daily life of all mammals. Whether appetitive or aversive, such interactions are indispensable for efficient survival of an individual and for the propagation of the species. Consequently, the neurochemical substrates underlying social behaviors are highly conserved.
In mammals, the evolutionarily conserved neuropeptide oxytocin (OXT) [1] is mainly produced by neurons of the hypothalamic paraventricular (PVN) and supraoptic (SON) nuclei, which project not only to the neurohypophysis but also to various brain regions [2] . Magnocellular neurons of the SON and PVN release OXT as a classical neurohormone into blood, for example, during parturition and the milk ejection reflex [3] . OXT release in response to reproductive, stressful, and social stimuli has also been described within distinct brain regions [4] , where it binds to its abundantly expressed singular OXT receptor (OXTR) in the brain [5] . OXT is known to attenuate general anxiety-related behavior, fear, and physiological stress responses [6] [7] [8] and plays an essential role in social and affiliative behaviors [9] . Among the various pro-social effects, OXT promotes pair bonding in monogamous voles [10] , social reward [11] , naturally occurring social preference behavior [12] , and maternal behavior [13] .
Lactation is a physiological state that has frequently been associated with the enhanced activity of the brain OXT system. This heightened activity of the OXT system is mainly studied in rats and is characterized by increased hypothalamic OXT synthesis [7] , suckling-induced OXT release into blood and within the brain [3] , elevated levels of OXTR expression and binding in various brain regions [14, 15] , and activation of OXTR-coupled intra-neuronal signaling [16, 17] Lactation-associated adaptations, such as a general attenuation of emotional and physiological stress responsiveness, help the mother to cope physically and emotionally with the vicissitudes of rearing the offspring. These adaptations include a blunted response of the hypothalamo-pituitary-adrenal axis and a general reduction in anxiety, which has been reported both in rodents and humans [18] [19] [20] [21] [22] [23] . Interestingly, these behavioral adaptations are also shown to be under the inhibitory control of OXT, as previously reviewed [17] .
Thus, to study an activated endogenous OXT system within the brain, lactating mice may serve as a natural model and are used here to reveal the mechanisms underlying the capacity of OXT to reverse social fear in a social-fear-conditioning (SFC) paradigm. The SFC paradigm, which was established on principles of operant fear conditioning in order to generate robust fear of same-sex conspecifics in male mice [24] , has been adapted for female mice in the present study ( Figure 1A ). Based on the comparison between the behavioral response of virgin female and lactating mice to the SFC paradigm and the demonstration of an abolished social fear in lactating mice, we aimed to dissect OXT pathways to the lateral septum (LS) and local OXT signaling in the attenuation of social fear in females.
RESULTS

Lactating Mice Do Not Express Social Fear during Fear Extinction
In order to examine the behavioral consequence of an activated brain OXT system on SFC-induced social fear, we studied lactating (Lac) mice on lactation day (LD) 5 and control virgin (Vir) mice, which were either social fear conditioned (SFC + ) or left unconditioned (SFC À ) ( Figures 1B-1D ). On the day of social fear acquisition, both Lac and Vir SFC + mice received the same number of pairings between the conditioned stimuli (CS), which is a sex- acquisition (day 1; B) (n = 9-13 mice/group). Percentage investigation of three non-social (empty cage) and six social (cage with a conspecific) stimuli was monitored during social fear extinction training (day 2; C), and this was followed by social fear extinction recall with six social stimuli (day 3; D). Data represent mean ± SEM. *p < 0.05 versus Vir SFC + using one-way ANOVA with repeated-measures followed by Bonferroni's post hoc analysis (C).
(E) Percentage time spent investigating a nonsocial stimulus (empty cage) and a social stimulus (cage with a conspecific) was calculated for Vir (blue) and Lac (LD 4; red) mice (n = 18 mice/group) as a measure of naturally occurring social preference in the social preference test. Data represent mean ± SEM. *p < 0.05 versus non-social stimulus using two-way ANOVA followed by Bonferroni's post hoc analysis.
(F and G) Anxiety-like behavior was measured for Vir (blue) and Lac (LD 4; red) mice (n = 18 mice/group); general anxiety was indicated by the time spent on the open arm (F), and locomotion was indicated by the number of closed-arm entries (G) on the elevated plus maze. Data represent mean ± SEM.
(H) Effect of suckling on social fear extinction was measured for Lac mice. Lac mice were social fear conditioned (SFC + ) and then either separated from their pups after acquisition (Lac SFC + /pups À ; n = 6) or left overnight with their pups until 2 hr before extinction (Lac SFC + /pups + ; n = 6). Percentage investigation of 3 non-social (empty cage) and six social (cage with a con-specific) stimuli was monitored during social fear extinction training. Data represent mean ± SEM. (I) Thermal pain sensitivity of Vir (blue) and Lac (LD 5; red) mice (n = 6 mice/group) was measured as paw-withdrawal latency during Hargreaves' plantar test. Data represent mean ± SEM. See also Figure S1 . and age-matched conspecific, and an unconditioned stimulus (US), i.e., a 0.7-mA foot shock (CS-US pairings: Lac: 2.5 ± 0.2; Vir: 2.3 ± 0.2; Figure 1B ). This is indicative of the fact that lactation does not impair learning of aversive social events. However, on the next day, during social fear extinction, Lac SFC + mice spent more time investigating the conspecifics from the first social stimulus onward (47.21% ± 7.66%) in comparison to Vir SFC + mice (13.94% ± 7.12%; p < 0.05; Figure 1C) . Consequently, the level of social investigation seen in Lac SFC + mice during the consecutive exposure to 6 different conspecifics was similar to that of Lac SFC À (and Vir SFC À ) controls ( Figure 1C ). The high social investigation by Lac SFC + mice reflects reduced social fear expression. During extinction recall on the following day, all groups of mice showed similar levels of investigation, indicating successful social fear extinction ( Figure 1D ). We had to exclude several possible lactation-induced alterations, which could potentially confound our behavioral data, including altered social preference or social motivation, and alterations in general anxiety or in pain perception. Social preference and social motivation were assessed using the social preference test ( Figure 1E ). Here, both Vir and Lac mice showed an increased investigation of a social stimulus (samesex conspecific) in comparison to an object (Vir, non-social: 30.90% ± 2.13% versus social: 63.68% ± 3.34%; Lac, nonsocial: 25.53% ± 2.40% versus social: 53.94% ± 4.63%; p < 0.05). General anxiety-related behavior and locomotion as assessed on the elevated plus maze was also similar in both Vir and Lac mice ( Figures 1F and 1G) .
As exposure of the Lac SFC + mother to her pups could be considered as a social stimulus, resulting in social fear extinction per se, we tested whether the presence of pups after fear acquisition is causally involved in the lack of social fear expression. Therefore, one group of Lac SFC + dams was kept separated from their pups following social fear acquisition (Lac SFC + /pups À ), whereas the other group was reunited with their pups following social fear acquisition (Lac SFC + /pups + ). During social fear extinction, both groups of mice showed comparable high levels of social investigation ( Figure 1H ), suggesting that maternal behavior and social interactions with the pups after fear acquisition do not explain the observed reduction in social fear expression in lactation.
The state of lactation has repeatedly been associated with altered pain sensitivity and perception in rats [25, 26] . Also, evoked OXT release from a subpopulation of parvocellular neurons within the PVN reduces nociception in male rats [27] . Therefore, we tested whether decreased nociception and consequent reduction in CS-US association during lactation contributes to reduced social fear expression. Using Hargreaves' plantar test, we show that Lac and Vir mice did not differ in their preception of thermal sensitivity as indicated by similar paw withdrawal latencies on stimulation of the plantar region with an infrared beam ( Figure 1I ). In line with our behavioral findings, we did not observe any differences in post-acquisition levels of cFos within the primary somatosensory cortex, which is known to respond to nociceptive stimuli [28] , between Lac and Vir mice ( Figure S2D) . Also, the fact that both Lac SFC + and Vir SFC + mice needed the same number of CS-US pairings to avoid further social contact during social fear acquisition ( Figure 1B ) supports these findings, suggesting that alterations in nociception were not responsible for reduced social fear expression in lactating mice. These data indicate that lactating mice express a low level of SFC-induced social fear in comparison to virgin mice, which is not primarily based on other confounding lactation-associated adaptations. Thus, neither the overnight presence of the pups and the performance of maternal behavior nor alterations in general anxiety, social preference, or nociception seem to be causally linked to severely diminished social fear expression in lactating mice.
Lactating Mice Show Suppressed Neuronal Activation but Increased OXT Signaling within the LS To reveal brain regions involved in the abolished social fear expression found in lactation, we compared the regional neuronal activation patterns in response to social fear acquisition and extinction between Lac and Vir mice using cFos immunohistochemistry. Differences in social fear expression were confirmed by the demonstration of social avoidance of conspecifics in Vir SFC + mice, while Lac SFC + mice showed typical high level of social investigation ( Figure S2A ). Figures S2B and S2C ). Thus, we find that the abolished social fear is accompanied by a low level of neuronal activation within the LS in Lac SFC + mice.
As the LS has been linked to OXT actions in the context of social-stress-induced anxiety [29] and social fear [30] , we focused on possible OXT actions within the LS underlying reduced social fear expression in lactation. Firstly, using OXTR reporter mouse [31] , we are able to ascertain that the majority of the OXTR-positive neurons within the LS were also positive for calbindin (CB)-a GABA interneuronal marker [32] , indicating that they are GABAergic (Figures 2I-2L ). Secondly, we quantified the number of OXT fibers innervating the LS of Vir and Lac mice. We detected a two-fold increase in the number of OXTpositive fibers in Lac (33.5 ± 2.1; Figures 2N and 2Q ) compared with Vir (15.9 ± 1.03; p < 0.05; Figures 2M and 2Q ) mice. Further, we observed that OXT axons reside in proximity to multiple varicosities and OXTR-GFP neurons in Lac OXTR reporter mice [31] ( Figures 2O and 2P ). To reveal the functional significance of the increased OXT innervation of the LS during lactation, we performed local intracerebral microdialysis before, during, and after social fear extinction within the LS ( Figure 2R Figures 2S and 2T ). These local release patterns were accompanied by the typical behavioral response described above in Lac and Vir mice. However, we did not detect significant differences in absolute amounts of OXT in dialysates sampled under basal conditions or in response to social stimuli between Lac and Vir SFC + mice ( Figure 2T ).
In summary, the data show that the neuronal activation within the LS of lactating mice is attenuated during SFC, whereas the local OXT level is rather elevated. This points toward a vital role of OXT within the LS in lowering social fear expression during lactation.
OXTR Signaling in the LS Attenuates Social Fear Expression in Female Mice
Taking the lactation-induced neuroanatomical changes in the LS into account, we next asked whether local OXTR signaling is essential for the lack of social fear seen in lactating mice. Figure 3C ), which displayed high social investigation, confirming their low social fear. During extinction recall, all groups of mice showed similar social investigation (Figure 3D) . Interestingly, the social-fear-enhancing effect of OXTR blockade in Lac mice was absent when OXTR-A was infused before social fear acquisition (data not shown), implying that OXTR signaling in the LS is probably not involved in the acquisition of social fear in Lac mice.
Based on these results in Lac mice, we examined whether augmenting OXTR signaling in Vir mice by bilateral infusion of synthetic OXT into the LS reversed SFC-induced social fear. All Vir SFC + mice received the same number of CS-US pairings during social fear acquisition ( Figure 3E ). Pre-extinction enhancement of local OXT levels in the extracellular fluid 10 min before extinction training was sufficient to completely reverse social fear in Vir SFC + mice. The social-fear-reversing ef- Figure 3F ), but significantly higher than the social investigation levels of Veh-infused SFC + mice (SFC + / Veh: 22.28% ± 12.24%; p < 0.05 versus SFC + /OXT; Figure 3F ).
None of the groups of mice-irrespective of treatment-expressed social fear during extinction recall ( Figure 3G ). Thus, the results from both Lac and Vir mice show that activation of OXTR signaling within the LS, either as a result of the lactation-specific adaptation of the OXT system or by application of synthetic OXT before extinction training in virgins, is sufficient for reversing social fear in female mice.
Genetic Manipulation of OXTR Expression within the LS Alteres Social Fear Expression
As OXT is known to be a partial agonist for receptors of its sister nonapeptide arginine vasopressin (AVP) [5] , we aimed to provide more specific evidence for an OXTR-mediated effect of OXT within the LS to reverse social fear using highly specific gainand loss-of-function transgenic approaches. To address this issue, we tested for effects of genetic gain and loss of the OXTR function on SFC-induced social fear.
First, a vast majority of native OXTR-positive neurons within the LS identified by GFP (Figures 4B and 4C) were found to be positive for CB (97%; Figure 4C ). For gain of function, we transfected Vir mouse brains with an adeno-associated virus (AAV) expressing OXTR and EYFP (enhanced yellow fluorescent protein) separated by IRES (internal ribosomal entry site) under the control of the constitutively expressed EF1a (elongation factor-1-alpha) promoter three weeks before behavioral testing. OXTR overexpression within the LS was quantified using receptor autoradiography ( Figure S4D ). During acquisition of social fear, a similar number of CS-US pairings was required in AAVinfused (SFC + /AAV-OXTR: 2.11 ± 0.1) and Veh-infused (SFC + / Veh: 2.14 ± 0.14; Figure 4D) Figure 4E ). Again, during extinction recall, all mice displayed a similar level of social investigation independent of treatment, indicating a successful social fear extinction ( Figure 4F) .
Following this observation, we inquired the effect of constitutive genetic loss of function of OXTR signaling on SFC behavior using Vir mice lacking OXTR (knockout [KO] ) and their wild-type (WT) controls [33] . During social fear acquisition, both groups of SFC + mice received the same number of CS-US pairings (Figure 4G) Figure 4H ). This was still evident during fear extinction recall, when SFC + /KO mice showed reduced social investigation in comparison to SFC + / WT mice (p < 0.05; Figure 4I ). The results on OXTR KO mice provide further evidence for the importance of OXTR-mediated signaling in the extinction of SFC-induced social fear.
Interestingly, above-mentioned genetic manipulations, which include AAV-mediated OXTR overexpression in the LS and constitutive knockout of OXTR, did not affect the behavioral performance and expression of fear in the cued fear-conditioning paradigm ( Figure S4 ). Thus, our data indicate that the OXTR signaling within the LS of female mice, including local GABAergic OXTR-positive neurons, is specifically involved in the extinction of aversive events in a social context.
Silencing of Magnocellular OXT Neurons Projecting to the LS Blocks Social Investigation in Lactating Mice
To provide final evidence for the functional involvement of the brain OXT system in the blunted social fear expression in lactation, we specifically targeted those OXTergic neurons in the hypothalamus, which project to the LS. We used a dual-virus approach and injected CAV2-Cre, a retrogradely transmitted virus [34] , bilaterally into the LS of Lac mice concomitantly with bilateral infusion of a Cre-dependent virus expressing hM4Di under the control of the OXT promoter into the PVN and SON ( Figure 5A ).
Animals underwent microinfusions with viruses (AAV: CAV2-Cre and OXTpr-DIO-hM4Di:mCherry) or Veh (Ringer; V1) three weeks prior to behavioral analysis, and 30 min before social fear extinction, mice were intraperitoneally (i.p.) injected with either Veh (V2, distilled water; V1/V2) or CNO (clozapine n-oxide; V1/CNO and AAV/CNO). During acquisition all Lac mice were social fear conditioned and received the same number of CS-US pairings (V1/V2: 2.4 ± 0.16; V1/CNO: 2.3 ± 0.22; AAV/CNO: 2.2 ± 0.14; Figure 5B ).
During social fear extinction, Lac V1/V2 mice displayed a naturally high level of social investigation from the first social stimulus on, whereas CNO completely blocked any social investigation and social fear extinction in all AAV-infused mice (V1/V2: 62.04% ± 10.46% versus AAV/CNO: 0%; p < 0.05; Figure 5C ). However, V1/CNO mice exhibited levels of social investigation comparable to that found in V1/V2 mice (V1/CNO: 70.06% ± 8.86%; Figure 5C ), thus eliminating per se CNO effects on social fear extinction and social motivation. AAV/CNO mice also expressed high social fear during social fear extinction recall in comparison to V1/V2 and V1/CNO mice ( Figure 5D ), suggesting an unsuccessful social fear extinction in these Lac mice.
Silencing of OXT neurons projecting to the LS did not alter non-social anxiety as reflected by similar investigation of the non-social stimuli between V1/V2, V1/CNO, and AAV/CNO mice during social fear extinction ( Figure 5C ). Moreover, silencing this specific set of OXT neurons did not alter maternal behavior of Lac mice as assessed on LD 9 ( Figures S5G and  S5H) . Also, the data represented in Figures 5B-5D have been obtained from 2 separate experiments, and the data from each experiment are separately shown in Figures S5A-S5F .
Traditionally, OXT neurons have been divided into magnocellular and parvocellular neurons, both of which can potentially project to limbic brain regions [35] . Thus, we aimed to dissect the nature of the OXTergic projections to the LS, which control social fear in Lac mice. Therefore, Lac mice were injected i.p. with the retrograde tracer Fluorogold, which is exclusively taken up by axonal terminals in regions lacking a blood-brain barrier, such as the neurohypophysis, allowing the identification of magnocellular neurons projecting to the neurohypophysis. Co-staining of coronal slices for OXT, mCherry, and Fluorogold revealed that approximately 83% of the hypothalamic OXT neurons projecting to the LS originate within the SON (24.86 ± 3.08 neurons; Figure 5F ) and all of them are Fluorogold-positive, indicating that these cells are magnocellular in nature.
These data show that magnocellular OXTergic afferents to the LS primarily originate in the SON and are specifically responsible for reduced social fear in lactating mice.
DISCUSSION
In this study, we established the SFC paradigm in female mice to answer significant questions regarding the contribution of brain OXT to social fear. Combining complementary behavioral, pharmacological, genetic, and chemogenetic approaches, we revealed the significance of OXTR signaling within the LS in the diminished social fear expression found in lactation. Based on the finding of reduced neuronal activation within the LS of Lac SFC + mice and an elevated number of OXT-immunopositive neuronal fibers penetrating the LS in comparison with Vir mice, we manipulated local OXTR signaling. Both blockade of OXTR-mediated effects and chemogenetic silencing of hypothalamic OXTergic neurons projecting to the LS reinstated robust social fear in Lac SFC + mice. In contrast, infusion of synthetic OXT into the LS or constitutive OXTR overexpression in GABAergic LS neurons substantially attenuated SFC-induced social fear in Vir SFC + mice. This is the first study demonstrating the consequences of elevated activity of OXT signaling, specifically within the LS, during lactation on any form of conditioned fear.
Lactation-Associated Increase in OXTR Signaling within LS Prevents Social Fear Expression
We found reduced fear expression in Lac mice during extinction of both social as well as cued fear without alterations in general anxiety, natural social preference or pain perception, or estrous phase-dependent changes in Vir mice ( Figures 1E-1G, 1I , and S1D). Activation of the brain OXT system has been implicated in a variety of lactation-associated behavioral alterations, including lower stress responsiveness [36] , reduction in general anxiety [17] , and maternal behavior [13] . Thus, we hypothesized the involvement of the activated brain OXT system in reduced fear expression in Lac mice and found that blockade of OXT signaling either by intracerebroventricular (icv) or local infusion of OXTR-A into the LS increased social fear expression ( Figures  3C and S3B ). In contrast, increasing the availability of OXT in the extracellular fluid in Vir mice and enhancing OXT signaling with icv or local infusion of synthetic OXT reduced social fear expression ( Figures 3F and S3E ). This is complemented by studies showing that synthetic OXT reinstates social investigation in male mice displaying SFC-induced social fear [30] and male rats displaying social-defeat-induced social avoidance [12] . Therefore, we suggest that the high activity of the brain OXT system during lactation, specifically within the LS, exerts robust prosocial effects and enhances social motivation, thus opposing SFC-induced social fear.
In support of this hypothesis are experiments manipulating the activity of the endogenous brain OXT system in Vir female mice; constitutive genetic ablation of OXTR impaired extinction of social fear ( Figure 4H ), whereas AAV-mediated overexpression of OXTR in the LS reduced the expression of social fear in Vir SFC + mice ( Figure 4E ). These findings are in line with the observation that conditional ablation of the OXTR within the LS results in reduced preference for social novelty in male mice [37] . Although stress-attenuating effects of elevated OXTR expression during peripartum have been well studied [17] , our results are the first to directly demonstrate a pro-social effect of OXTR overexpression within a distinct brain region in mice. A similar pro-social effect of OXTR overexpression in the nucleus accumbens has previously been demonstrated in the context of partner preference formation in female prairie voles [38] . Thus, in the context of social fear, OXTR signaling within the LS seems to be critical in blunting social fear expression in female mice, either by promoting motivation to interact with a novel conspecific, reducing social avoidance behavior, or even both. Interestingly, pre-acquisition and pre-extinction blockade of endogenous OXTR signaling failed to produce any discernible effect on cued fear expression in Lac mice ( Figures S3H and  S3K) , suggesting that the lack of non-social fear expression peripartum is not dependent upon OXTR signaling. In support, neither genetic gain (local LS) nor loss (whole brain) of function of the OXTR (Figures S4B and S4F ) altered cued fear expression. Effects of OXT on non-social forms of associative fear have been ambiguous with brain-region-, sex-, and species-specific manipulations generating contradictory results [7, 29, 39] . In particular, OXTR signaling is known to affect anxiety and social behavior in a sex-specific manner [40] . However, here, we describe for the first time an altered behavioral response of Lac mice to associative auditory fear. We conclude that OXTR signaling within the LS is critical for reversing social fear expression and suggest that distinct OXT circuitries are involved in the differential processing of negative social versus non-social experiences.
Magnocellular OXT Neurons Projecting to the LS Are Critical for Lack of Social Fear in Lactation
As discussed above, pharmacological and genetic manipulation of OXTR-mediated signaling in the LS of Vir and Lac mice in a bidirectional fashion was highly specific and efficient to affirm the role of endogenous OXT in reducing social fear expression. Adding on the finding of an increased number of OXTergic fibers in the LS of Lac mice ( Figure 2Q ), we could reveal that only a few LS-OXT fibers originate within the PVN, whereas most of these OXT projections originate from magnocellular neurons of the SON ( Figure 5F ). Chemogenetic silencing of these OXTergic projections to the LS completely blocked social investigation in Lac SFC + mice ( Figure 5C ). Such a drastic behavioral effect indicates the necessity of these projections for enhancing OXTR signaling in the LS, thus causing abolition of social fear generated by the SFC paradigm. In support, a significant release of OXT during social fear extinction could only be found in Lac SFC + mice.
Recently, it has been shown that the metabolite of the designer drug CNO, namely clozapine, is an atypical antipsychotic and affects dopamine and serotonin systems [41] . However, we can largely exclude such unspecific and undesired effects as in our experimental design injection of CNO alone in DREADD (designer receptors exclusively activated by designer drugs)-free lactating mice did not affect social investigation ( Figure 5C ). Also, chemogenetic silencing of OXT neurons has been shown to result in a reduced mean frequency of spikes induced by application of currents, increased inward currents, and decreased input resistance of OXT neurons [27] . Therefore, stimulation of the inhibitory DREADD resulted in successful and specific silencing of LS-projecting OXT neurons.
Our results demonstrate that activation of LS-projecting magnocellular OXT neurons of the SON leads to local OXT release and activation of OXTR signaling in the LS and, consequently, to a reduction in social fear expression. Whether these SON OXT neurons also play a role in the maintenance of social preference in Vir mice or whether their behavioral relevance is specific for the period of lactation remains to be studied. Similar effects of axonal OXT release have been previously reported in the central amygdala (CeA) to reduce contextual freezing in female rats [7] .
Social-Fear-Ablating Effects of OXT in the LS Involve GABAergic Signaling
In addition to the high OXTR signaling within the LS, including an elevated number of OXT axons (Figures 2M-2Q ) and pronounced on demand local OXT release ( Figures 2S and 2T ), we found a dampened local neuronal activation in response to SFC (Figure 2H) in Lac mice. This indicates that LS activity is important for the expression of social fear and that OXT exerts local inhibitory effects on neuronal activation. The LS predominantly consists of GABAergic neurons [42] , and we successfully identified most of the OXTR-expressing neurons within the LS of Lac mice to be GABAergic. Moreover, AAV-introduced overexpression of OXTR in Vir mice was mainly (97%) localized in GABAergic neurons of the LS (Figures 4B and 4C) , which was also in line with the data obtained from OXTR reporter mice (Figures 2I-2L ). Local OXT axons carrying varicosities formed close appositions to somas and dendrites of OXTR-expressing GABAergic neurons (Figures 2O and 2P) . The existence of OXT release in proximity to OXTR-expressing GABAergic neurons and subsequent post-synaptic activation has been shown in other brain regions, like the CeA [7] and dorsal hippocampus [43] . Hence, we suggest that OXT excites GABAergic neurons in the LS. Due to the fact that OXT was found to increase the activity of GABAergic neurons in the CeA [7] and distinct cortical areas [40] , our observation of reduced cFos expression in lactating mice is most likely a result of increased intrinsic GABA signaling within the LS. Also, increased GABAergic signaling along with reduced cFos expression within the LS has been described in Lac mice in response to an intruder [44, 45] . In that line, there is evidence from rats that GABAergic neurons of the LS are reciprocally connected [46] . Considering abovementioned data, we suggest that GABAergic neurons of the LS may directly or indirectly, e.g., via the medial septum and diagonal band of Broca, project to brain regions that orchestrate the processing and expression of social fear, such as the hypothalamus, amygdala, or ventral hippocampus. A prominent hypothesis supported by several studies in this regard would be that GABAergic neurons project to the ventromedial hypothalamus (VMH). Optogenetic approaches have revealed that the GABAergic LS-VMH pathway is involved in sexually dimorphic behaviors and controls intermale aggression in males and sexual behavior in females [47] . Both aggression and sexual behavior have strong social components, which require social motivation and social disinhibition to approach a novel conspecific. Therefore, LS-VMH and other downstream projections may mediate the social-fear-reducing effects of LS-OXTR signaling. In this context, corticotrophin-releasing factor receptor 2 (CRFR2)-positive GABAergic neurons of the mouse LS were found to project to the anterior hypothalamic nuclei (AHA) and to increase stressinduced anxiety [48] . Thus, the possibility exists that OXT reduces social fear expression by suppressing the activity of CRFR2-positive neurons projecting to the AHA. However, these septal efferents and their downstream targets, contributing to the reduction in social fear expression, require further exploration.
The reduction in social fear induced by OXT may either be via reducing the fear of the social stimulus generated by SFC or, alternatively, by increasing the motivation to approach and explore a conspecific. Based on previous findings that OXT is essential for naturally occurring social preference behavior [12] , we propose that an increased activity of the brain OXT system with specific actions within the LS, as seen in lactation, is essential and sufficient to increase social motivation (for schematic representation, see Figure 6 ). Thus, the brain circuit proposed here might be the neuronal substrate, which underlies OXT's ability to overcome the SFC-induced inhibition of social approach and to promote investigation of same-sex conspecifics. Such a mechanism seems to be of particular relevance in lactation, which is a period of reduced anxiety-and stress-related responsiveness [17] , as a lactating dam needs to be emotionally stable and essentially brave to defend her offspring against a conspecific even after prior aversive social encounters.
Taken together, our results demonstrate that the lack of SFCinduced social fear expression in lactating mice is due to the heightened activity of OXTR signaling in the LS based on a subpopulation of magnocellular OXT neurons within the SON projecting to the LS. Locally released OXT possibly induces GABAergic inhibition of brain regions controlling the expression of conditioned social fear. This is the first study providing evidence for an extra-amygdalar circuit regulating social fear in female mice. In fact, we further provide evidence for point-to-point OXT projections within the limbic system, which are critically involved in the specific regulation of distinct behaviors. Our results are also highly relevant for human social anxiety disorder and other psychopathologies associated with deficits in socioemotional behavior, which are largely understudied in females and especially during the period of lactation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
Vir or Lac CD1 mice (Charles River, Sulzfeld, Germany, 8 -11 weeks of age at the start of experiments) were kept group-housed under standard laboratory conditions (12 / 12 h light / dark cycle, lights on at 06:00, 22 C, 60% humidity, food and water ad libitum) in transparent polycarbonate cages (16 3 22 3 14 cm) until described otherwise. Age and weight-matched virgin female CD1 mice were used as social stimuli in the Social Preference Test (SPT) and the SFC paradigm. All experimental procedures were performed between 08:00 and 15:00 hr in accordance with the Guide for the Care and Use of Laboratory Animals of the Local Government of Oberpfalz and Unterfranken, the ARRIVE guidelines, [49] and recommendations from the NIH.
METHOD DETAILS
Behavioral experiments
Social fear conditioning (SFC) paradigm SFC was performed as previously described [24] and adapted for female mice as described below.
Social fear acquisition (day 1). Lactating (LD 5 -6) and virgin female mice were fear conditioned using the standard SFC protocol. On average, SFC + mice received 2 -3 foot shocks (mean 2.4 foot shocks / mouse) and were returned to their home cage, when no further social contact was made for 2 min. 
Social fear extinction training (day 2).
One day after SFC, mice were exposed to 3 non-social stimuli (empty cages) and then to 6 social stimuli (cage with a conspecific) in their home cage for 3 min, with a 3-min inter-stimulus interval.
Social fear extinction recall (day 3). One day after extinction training, mice were exposed to 6 different, unfamiliar social stimuli in their home cage, each in a different small cage (see days 1 and 2), for 3 min with a 3-min inter-stimulus interval. Cued fear conditioning (CFC) paradigm CFC was performed as previously described [50] .
Cued fear acquisition (day 1). All mice were placed in the conditioning chamber (context A; transparent Perspex box: 23 3 23 3 36 cm with electric grid floor; cleaned with lemon scented detergent) and, after a 5-min adaptation period, exposed to 5 conditioned stimulus (CS) -unconditioned stimulus (US) pairings with a 2-min inter-stimulus interval. The CS (80 dB, 8 kHz, 30 s continuous sound) co-terminated with a mild electric foot shock (US; 0.7 mA; pulsed current, 2 s). The animals were returned to their home cage 5 min after the last CS-US pairing.
Cued fear extinction training (day 2). On day 2, mice were placed in context B (black Perspex box: 23 3 23 3 36 cm with a smooth floor; cleaned with floral smelling detergent) and, after a 5-min adaptation period, exposed to 20 CS presentations with a 5 s interstimulus interval. Mice were returned to their home cage after the last CS presentation. These CS presentations were collapsed into ten blocks with the mean freezing percentage during two CS presentations represented in each block, respectively.
Cued fear extinction retention (day 3). One day after cued fear extinction training, mice were again placed in context B, and, after a 5-min adaptation period, they were exposed to 2 CS presentations with a 2-min inter-stimulus interval. Mice were returned to their home cage after the last CS presentation. These CS presentations were then collapsed into one block with each bar representing the mean freezing percentage during 2 CS presentations. For CFC extinction retention with the OXTR-KO animals, 5 CS presentations were performed ( Figure S4 ).
Elevated Plus Maze (EPM)
For general anxiety-related behavior, mice were tested on the EPM as previously described [51] . The percentage of time spent on the open arms indicates non-social anxiety. The number of entries into the closed arms is an indicator of locomotor activity.
Social Preference Test (SPT)
To test for naturally occurring social preference behavior, the SPT was performed as previously described in male and female mice [12] with minor modifications. The percentage of social contact versus non-social contact was calculated and represented a measure of social preference.
Hargreaves' Plantar Test
The Hargreaves' Plantar Test [52] was used to test for possible lactation-associated adaptations in pain perception. Mice were trained for three consecutive days, twice a day to remain calm in a transparent, bottomless plexiglas box (8 3 6 x 6 cm) with holes for breathing, which was placed on the glass floor of the test apparatus for 10 min. On the test day, mice were placed in the plexiglas box on the glass floor of the Hargreaves Plantar Test equipment (Ugo Basile model 7371, Monvalle, Italy) 10 min before the test started. Subsequently, a focused thermal heat stimulus was to the plantar surface of the hind paw, and paw withdrawal latency was measured for up to 15 s. Each of the hind paws was tested three times. Data represent an average of 6 trials per mouse. Each mouse was tested at two different intensities (190 mW / cm 2 and 245 mW / cm 2 ) with an inter-test interval of 2 hr. ) and microdialysis probes (U-shaped, molecular cutoff 18 kDa) for tracking OXT release within the LS (+0.3 mm, ± 0.5 mm, À3.8 mm) was performed under isoflurane anesthesia (Forene, Abbott, Wiesbaden, Germany) and semi-sterile conditions [24, 30] . To avoid post-surgical infections, mice received subcutaneous antibiotics (3 mg / 30 mL Baytril, Bayer, Leverkusen, Germany). Lactating mice underwent surgery on LD 1; they showed the complete repertoire of maternal behavior no later than 1 hr after completion of surgery. After surgery, all mice were handled once a day for 5 days prior to infusion experiments.
Surgery
Stereotactic implantations
Intracerebral infusions
Mice received icv infusions of either Veh (2 mL; sterile Ringer solution), OXT (0.1 ng / 0.2 mL / side) or OXTR-A (desGly-NH2, d(CH2)5 [Tyr(Me)2,Thr4]OVT; 2 mg/2 mL) using a 27 G infusion cannula inserted into the icv guide cannula. Other groups of mice received bilateral LS infusions of either OXTR-A (20 ng / 0.2 mL / side) or Veh (0.2 mL / side) via a 30 G infusion cannula inserted into the surgically implanted guide cannulas connected to a 10 mL Hamilton syringe. All infusions were performed 30 min (OXTR-A) or 10 min (OXT) before acquisition or extinction of SFC or CFC. The dose and timing of OXTR-A were selected based on previous studies [12, 24, 30, 50] . The correct infusion site was histologically verified and, accordingly, animals with misplaced guide-cannula were removed from the statistical analysis.
Monitoring OXT release by microdialysis MD was performed as previously described [30] . Two days after surgery, the microdialysis probe was perfused for 2 h with sterile Ringer solution (flow-rate: 3.3 ml / min; pH 7.4) to establish equilibrium between the inside and outside of the microdialysis membrane. Six dialysates were collected on day 2 in response to social fear extinction and 3 dialysates were collected in response to pup presentation. Dialysates were immediately frozen and stored at À20 C until quantification of OXT by a radioimmunoassay (sensitivity 0.3 pg / sample; RIAgnosis, Sinzing; Germany) [53] . 
Viral vectors Generation of viral vectors
The OXTpr-DIO-hM4D(Gi)-mCherry AAV 1/2 was cloned and produced as reported previously [27] . The EF1a-OXTR-IRES:EYFP AAV 1/2 was cloned from the mOXTR-PCDNA3.1 plasmid kindly provided by Dr. Marta Busnelli and Dr. Bice Chini. mOXTR fragment (ORF) has been released by BamHI and EcoRI and inserted in AAV 2 backbone carrying elongation factor 1. Next, the IRES:EYFP sequence was introduced via EcoRI and EcoRV. E.coli TOP 10 cells were transfected with the helper plasmids and plasmids of both viruses and further steps of the viral production and purification were conducted in analogy to previous work [7, 27] . rAAV genomic titers were determined with QuickTiter AAV Quantitation Kit (Cell Biolabs, San Diego, California, USA) and RT-PCR using the ABI 7700 cycler (Applied Biosystems, California, USA). rAAVs titers were $10 10 genomic copies per ml. CAV2 equipped with
Cre recombinase was (titer: 2.5x10 11 pp) purchased from the Institute of Molecular Genetics in Montpellier CNRS, France [34] . 
Injections of viruses in the brain
